A large number of species in nature demonstrate switchable responsiveness to external stimuli, which is essential for their adaptation to the changing environment. Inspired by the responsive properties in nature, researchers have made significant progress in the field of synthetic stimuli-responsive materials over the years, particularly in the field of smart polymer catalysts which are able to control the catalytic processes. Here, we review these bio-inspired polymer materials and their applications in self-controlled catalytic processes. Other issues involved in developing these bio-inspired polymer materials including the origin, mechanisms, switchable behaviors and merits are also discussed. Fig. 1 Triple-shape memory performance of EZ20F0 (a) and triple-shape memory performance of EZ20F4 (b). Reproduced with permission from [16], copyright ©ACS
Introduction
Over the centuries, natural living beings have dramatically evolved and improved their survival ability against tough and changing environments. Many natural stimuli-responsive systems, capable of responsive properties with noticeable physical and chemical changes against external stimuli, have been therefore generated and developed. Mammalian cells, for example, are known as a complicated biosystem having selective, responsive and semi-permeable membranes which may be responsive to many substances [1] . Venus flytrap, for instance, is destined to shut down its trap leaves once the tiny hairs on the leaves are contacted by insects [2] . By having a better understanding on the mechanism of these stimuli-responsive systems, researchers are now able to replicate these natural functions and to exploit similar designs in synthetic materials [3] . Compared with these natural structures that may sustainably form and evolve under restricted conditions, synthetic materials can be optimized with added properties but a less restriction. As such, bio-inspired methods are increasingly popular regarding the development of sophisticated and biosystem-like smart materials [4, 5] .
Over the years, scientists have developed a tremendous number of synthetic materials capable of versatile mechanisms, ranging from simple plasticization to sophisticated shape-memory ability, molecular switching, molecular imprinting and self-healing ability [6] . Plasticization is common in natural materials and now being applied to decrease materials' stiffness [7] . It is worth mentioning the so-called "molecular imprinting" strategy, which may provide a direct way to achieve molecular recognition, specific binding and selective abilities [8] . The strategy enables the template(s) to be imprinted within polymeric matrices, creating geometric cavities for the imprinted subject(s) (in terms of the shape, structure and position of the functional groups) and accordingly inducing "memory" properties in the synthetic materials [9] .
Enzymes are probably the most common and efficient catalysts in nature. It is known that enzymes can adjust their reactivity through the feedback loops and trigger-induced effects so as to ensure the transformation running without interference [10] . For many years, there have been invariably with demands on developing smart catalysts for industrial applications. Researchers can now incorporate these stimuliresponsive functions into catalysts and catalytic materials, leading to smart reaction systems which can be adjusted against analytes and environments.
By borrowing the biosystem-like functions, synthetic materials can be tailored to smart materials and particularly smart polymer catalysts. Here, we discuss these bio-inspired polymer materials and particularly the much-needed smart catalytic materials which are able to control the catalytic processes. Other issues involved in developing these bioinspired polymeric materials including the origin, mechanisms, switchable behaviors and merits are also presented.
Bio-inspired Polymers
with Stimuli-Responsive Ability
Mussel-Inspired Polymers
The marine mussels live in seas and millions of years of evolution have made them capable of adapting to aquatic environments. For escaping ocean waves, the marine mussels have evolved a unique protein that can strongly anchor in water over almost all solid substances, regardless of the physicochemical properties whether these substances are hydrophilic or hydrophobic, organic or inorganic, simple or composite, etc. [11, 12] . The reason may be ascribed to the microscopic mechanic properties of the adhesive protein, which is often made of polymeric catecholamine which comprises abundant catechol and amine moieties located in 3,4-dihydroxyphenyl-l-alanine (DOPA) and lysine segments [13] . The catechol groups in association with amine moieties allow the marine mussels to exert versatile interactions with substrates and even to form strongly-self-assembled architectures within the polymers themselves. Owing this advantage, the mussel-like functions are being increasingly used to improve mechanical properties in synthetic materials [14, 15] . Inspired by the principle, Zhang et al. have improved the mechanical properties of an epoxidized natural rubber (ENR) by introducing Fe 3+ into ENR [16] (Fig. 1 ). The Fe 3+ -O complexes could be tracked with cyclic tensile testing and showed the desired hysteresis, which accordingly revealed the effect of the sacrificial metal-ligand links. The properties of the co-existing networks (i.e., supramolecular and covalent networks) may equip the synthetic materials with two shape-fixing conditions. Hence, the triple-shape memory effect was created in one simple polymer. The sample may form the first temporary shape when cooled down to 42 °C. The sample was also be able to deform to other temporary shapes and then fixed at a few low-temperature conditions.
For the same purpose, Tang et al. [17] have added Zn 2+ into the vulcanization of a butadiene-styrene-vinylpyridine rubber (VPR) where the pyridine-Zn 2+ -pyridine crosslinks were formed (Fig. 2 ). This method mimicked the reversible bonds in mussels but decreased the tension in the synthetic rubber. The sample can restore quickly to the initial shape after heated to 60 °C. In this system, the initial shape was essentially controlled by the covalent networks, whereas the transient network acted as a switch for fixing the temporary shape.
In addition to the modification in mechanical properties, mussels and their adhesive protein exhibit also a significant potential in self-healing processes. Although the mechanism is not understood fully, yet, the main clue can be related to the DOPA-containing adhesion protein. The catechol groups in association with amine moieties may act as a crosslinker for the self-healing process [18] . Inspired by this, Kollbe et al. have demonstrated the self-healing ability in a metalfree aqueous solution that contained polyacrylate and polymethacrylate polymers [19] . The self-healing behavior in the scathed polymer was dramatically accelerated by the hydrogen bonds formed between the interfacial catechol moieties. The process may be further accelerated in the presence of the non-covalent interactions available in the polymeric networks. The initial sample and the repaired sample showed almost the identical mechanical properties ( Fig. 2 ), suggesting the complete self-healing. Despite the relatively less adoption, there are also other creatures in nature which are capable of adhesive properties. One prominent among these is snails, which can secrete mucus to keep a stable contact with the rough surfaces of rocks. By using this principle, Cho et al. [20] have prepared a reversible and superglue-like hydrogel which can be responsive to hydration and dehydration. The hydrogel had a strong modulation in the near-surface elastic modulus, ranging from 180 kPa (i.e., the hydrated state) to 2.3 GPa (i.e., the dry state), a behavior somewhat similar to the phase transition from mucus to epiphragm in snails.
Sea Cucumber-Inspired Polymers
Many marine animals and particularly the Phylum Echinodermata are able to quickly and reversibly change the tissues' stiffness. Among these are sea cucumbers, which have developed the ability as a defense tool against predators. The ability, as generally known, is due to the internal structures which are made of the hierarchical composite that contains both a rigid portion (i.e., collagen fibrils) and a soft portion (i.e., hydrogel matrices) [21] . By precisely adjusting the interactions among these adjacent collagen fibrils, sea cucumbers can control the stiffness of their skins. The glycoprotein stiparin in the extracellular matrices acts as a stiffening agent which admits a rapid aggregation of these collagen fibrils [22, 23] . The mechanical morphing may be recovered to the initial state in the presence of a stiparin inhibitor (i.e., another kind of glycoprotein that can bind to stiparin and dissipate the aggregation of the collagen fibrils).
Inspired by these delicate properties above, Capadona et al. [24] have developed a mechanically-adaptive material ( Fig. 3 ), for which they have incorporated the tunicatesourced cellulose nanocrystals (CNC) into a rubbery poly(ethylene oxide-co-epichlorohydrin) (EO-EPI) matrix. The plenty of hydroxyl groups makes CNC an adaptive nanocomposite that can be made to switch with chemical regulators. The prepared EO-EPI/CNC induced an important elevation in the stiffness when compared to an unfilled EO-EPI sample. Similar results were also available in the peer's works [25] [26] [27] . It is now clear that the mechanical reinforcement can be ascribed to the percolating networks in the matrices. Once the percolating networks come to the state higher than the threshold, the stress will be transiently transferred via the CNC-CNC bonding (hydrogen bonding). The responsive properties in the material may be weakened when exposed to water, which is subject to competitive hydrogen bonding and accordingly decreases the stiffness.
There are also other mechanically-adaptive nanocomposites inspired from the sea cucumbers. One of these is the chitin-derived nanocrystals which can be used to produce the carboxylated styrene-butadiene rubber furnished with water-responsive ability [28] . The introduction of the cellulose nanocrystals functionalized with carboxylic groups and amino acids into poly(vinyl acetate) would generate pH-responsive and mechanically-adaptive nanocomposites. Way et al. [29] have made a modification on the cellulose nanocrystals by introducing carboxylic and amine groups. The modified cellulose nanocrystals can disperse well in water at low pH conditions due to the electrostatic repulsion among these charged amino-groups. In contrast, the modified cellulose nanocrystals can turn into gels at high pH conditions ( Fig. 4 ). In this way, the interactions among the cellulose nanocrystals can be reversibly switched by changing the pH conditions. Shape-memory composites can also be created with the sea-cucumber-like functions. The prepared materials may exhibit one or more temporary shapes and are able to recover to the initial state when exposed to external stimuli [30] . By using the thermoplastic polyurethane elastomer composite of poly(tetramethylene glycol), butanediol, 4,4′-methylenebis(phenyl isocyanate) and CNC, Foster et al. [31] have studied the shape memory properties. The composite led to a dramatic decrease in the stiffness when exposed to de-ionized water. For the change, water acted as a competitive hydrogen-bonding binder which destroyed the CNC networks, resulting in the formation of switchable abilities. By reversibly interrupting the CNC-CNC interactions in the composite, the sample was therefore furnished with a water-triggered shape-memory effect, i.e., swelling with water into a temporary shape, and fixing the temporary shape once it was restored with the CNC-CNC interactions. Chen et al. [32] have also observed the similar water-induced memory properties in a polymer/CNC composite where poly(glycerol sebacate urethane) was used as the hydrophobic polymer matrix.
Silk-Inspired Polymers
Spider silks are another attractive source having the ability to compete with the best synthetic materials, by virtue of the excellent tensile strength [33, 34] . Spider silks have the unique hierarchical architecture that contains aminoacid-based primary structures where the conformation is restricted by the spinning process [35] . The primary structure often contains two proteins (i.e., Spidroin I and II) made of block copolymers which are equipped with rich alanine and glycine moieties. By introducing the alanine-rich blocks into the β-sheet structure (i.e., the hard domain) which is connected via soft amorphous glycine blocks, the crystalline domain is allowed to orientate under stress and to improve the mechanical toughness [36] .
Promoted by these concepts, Vana et al. [37] have applied multi-block structures to improve the mechanical properties in synthetic polymers. In their work, N-acryloyl-l-phenylalanine and methyl acrylate were copolymerized via a reversible addition-fragmentation chain transfer (RAFT). The chain transfer agent may gain access to the multi-block structures in both the hard domain (i.e., phenylalanine blocks) and the soft domain (i.e., methyl acrylate). As such, two RAFT agents (viz., a small bifunctional agent and a multifunctional agent) needed to be used ( Fig. 5 ). The former would form an ABA triblock copolymer (herein, A is N-acryloyll-phenylalanine, and B is methyl acrylate), whereas the latter produced an (AB) n multi-block copolymer that resembled Fig. 4 Mechanism for the pH-responsive nanocomposites containing functionalized CNC. Reproduced with permission from [29] , copyright © ACS the internal structure of the spider silks. The introduction of the two-level physical bonds (i.e., hydrogen bonds and β-sheet structures) will have a great impact on the mechanical properties of the resulting polymers. The toughness of the repaired sample was found higher than that of the initial samples, by virtue of the formation of an increasing number of hydrogen bonds.
In nature, the β-sheet structure is often assembled with alanine-rich blocks and glycine-rich blocks, forming the hydrogen-bond-containing amorphous domains [38] . In general, these domains are able to show thermosensitive transitions. As such, the biomimetic polymer system which contains a β-sheet structure (for shape memory) and a crystalline phase (for fixing the temporary shape) may be created. Hu et al. [39] have synthesized a shape-memory amino-terminated telechelic poly(l-alanine) which contained a short chain of poly(propylene glycol) (PPG) in the middle. The architecture was then copolymerized with a diisocyanate-terminated poly(ε-caprolactone) (PCL). As a result, three differentiable moieties/segments were formed within the polymer, i.e., (a) β-sheet forming alanine segments, (b) PPG linkers forming amorphous phases, and (c) crystallizable PCL segments. As such, the resulting polymer may be stretched up to 100% when heated up to 70 °C. The tensile loading would fix the temporary shape when polymer was cooled to 22 °C. The polymer can recover into the permanent shape once it was heated up to 70 °C. These outcomes showed that the β-sheet structure, in combination with the crystalline phase, may show good shape-recovery ability.
Caddisworms are another kind of living bodies capable of producing pressure-sensitive adhesive silks, which enable caddisworms to attach onto socks and plants [39, 40] . The unique mechanical properties, in essence, are a result of the internal multi-network structures [41] . Stewart et al. [42] have developed a caddisworm-inspired hydrogel which contained both covalent and metal crosslinks. The preparation process involved the synthesis of a poly(methacrylate)-based random copolymer that contained ethyl phosphate, hydroxyethyl and glycidyl pendant groups (Fig. 6 ). The phosphate salt of this polymer was first crosslinked via radical polymerization in the presence of acrylamide and bis(acrylamide). The subsequent exchange of Na + with divalent Ca 2+ and Mg 2+ produced a series of hydrogels that contained transient phosphate-divalent-metal crosslinks. Although the modulus and toughness of these materials were often little lower than that of the caddisworm silks, these hydrogels exhibited much higher toughness than the articular cartilages.
Plant-Inspired Polymers
The actuation in animals, as known, is usually caused from muscular movements. In contrast, the actuation in plants depends essentially on the expansion pressure of the cells and the changing direction of the components which perform the movements [43] . The alteration of the swelling pressure in the cells and the directionality of the components are generally driven by external light and heat [44] . The mechanism of the movements is mainly due to the osmotic potential of [37] , copyright © Wiley-VCH the cells and the non-isotropic orientation of the cellulose fibers [45] . Some plants, such as the desert resurrection plants [46] , take advantage of the orientation to direct the moisture-driven deployment. Selaginella lepidophylla, for instance, could curl their stems upon dehydration, preventing a contact from the sunlight. Both the inner layer and the outer layers at the stems would contribute to the alterable composition. The stems appear in a bilayer structure where the abaxial zone (low) is relatively smaller and nonetheless denser than the adaxial (upper) zone ( Fig. 7) . In the reversible (de)hydration process, the different swelling/de-swelling actuation will result in curling the stems [46] . Cucumber tendrils, for instance, could climb over other substances in order to have a more contact of the sunlight [47] . The movement is straight before the tendrils reach an anchor point, followed by a winding movement which wraps the anchor and shortens the length to lift the plant. The fiber band consists often of a long axis which passes through the tendrils formed by two lignified cell layers. The asymmetric contraction of the two different layers in the cells may be a result of the hydrophobic change.
Erodium gruinum, a geranium species, is another interesting plant capable of actuation in nature [48] . Their awns become coiled under dehydration and at low humidity, leading to an accumulation of the tension. When the threshold coiling is reached, the awns will separate from one another and as a result the seeds inside are dispersed. The awns have a microscopically bilayer structure in which one of the layers is responsible for coiling (due to the cellulose fibrils which are in the tilted helix format in the cell walls), while the other layer is responsible for the orientation of these awns (i.e., separating these awns from one another).
Fig. 6
Double-network hydrogels with covalent and metal crosslinks (a mechanism; b stress-strain curves of Ca 2+ -containing double-network hydrogels; c stress-strain curves of both Ca 2+ (gray traces) and
Mg 2+ (green traces)-containing double-network hydrogels). Reproduced with permission from [42] , copyright © RSC Inspired by the mechanism, Wang et al. [49] have demonstrated the alterable shape (changing from a planar shape to a spiral shape) in a hydrogel composite which had a layered fibrous structure. A multi-step lithography was used to fabricate the composite which had complex gradients that exhibit distortion, bending and transformation upon external stimuli. Wu et al. [50] have also studied the similar three-dimensional shape transformation by using a hydrogel sheet containing different fibrous regions that exhibited different contractions and elastic moduli. The hydrogel sheet had periodic stripes of different compositions, passing at an oblique angle, θ, along the long axis of the sheet (Fig. 8 ). dependence of the number of turns and pitch for the actuated gels on the saline solution [50] . Reproduced with permission from [42] , copyright © RSC The transformation of the planar sheet to the helix structure was entirely driven by the reduction of the tensile energy, producing cylindrical helices capable of equally probable right-and left-handedness.
Madadevan et al. [51] have also prepared one composite capable of deformation upon humidity. A little difference from Wang's work is that a non-responsive layer was adhered to a cellulose paper in order to form the bilayer structure. The bilayer tended to bend under humid conditions and would recover to the initial state in a dry place. The process is reversible. As a result, the artificial flower could form using the paper-polymer bilayer film as the petal. The flower was able to "bloom" in wet environments. Otherwise, the petal would shut down upon drying. Similarly, Zhang et al. [52] have also prepared a moisture-responsive bilayer film by basing on the modified cellulose which was decorated with stearoyl ester groups. The bilayer film would rapidly bend once water vapor was applied. The entire process is reversible and could be repeated for many times without having a significant decrease in the responsive time. In addition, it was also found that the film which contained a high proportion of substitution can be responsive to both the humidity and temperature.
pH is another stimulus providing inspirations for researchers to develop smart polymers. Duan et al. [53] have prepared a bio-hydrogel actuator which contained a bilayer structure inspired form plant organs. The hydrogel actuator was made of modified chitosan, cellulose/carboxymethyl-cellulose (CMC) and epichlorohydrin (ECH). The bilayer hydrogel could perform rapid, reversible, and repeated deformation due to the pH-triggered swelling/ contraction. Similarly, Erb et al. [54] have also prepared a dual-triggered polymer that can be actuated with hydration and heat. The bilayer structure was constructed basing on an alumina-platelet-filled gelatin in which PNIPAM was incorporated. Such a structure would allow the formation of the dual-triggered responsive ability (i.e., hydration and heat). The material exhibited twisting when immersed in water at the temperature below the LCST of PNIPAM, whereas the material performed twisting in the opposite direction above the LCST of PNIPAM.
The Application of Bio-inspired Polymers in Self-Controlled Catalysis
Stimuli-responsive polymers are soft materials in nature and are able to respond to chemical, physical, and biochemical stimuli [55] . Regarding chemical stimuli, the changing pH conditions [56] , ionic strength [57] , solvents [58] , gases [59] and redox reactions [60] are in the common use. For physical stimuli, the changing voltage [61] , temperature [62] , lightirradiation [63] , and mechanical stress [64] are generally used. Biochemical stimuli are recently recognized as a third category of stimuli which have established applications in antigens, enzymes, ligands or other biochemical agents [55] . By basing on the versatile responsiveness, stimuli-responsive polymers are increasingly becoming attractive in applications, including drug delivery [65] [66] [67] , microsystem technology [68] , chemo-mechanical actuators [69] and sensors [70] . Owing to the essential need for controlled catalytic processes, the applications of stimuli-responsive polymers in chemical reaction engineering are currently much popular. One important issue in such applications is to deal with the efficient separation and control in the catalytic processes. The use of stimuli-responsive polymers may modulate the catalytic processes by controlling access for substrates and inducing micro-phase separation from the catalytic systems [71, 72] . By introducing the switchable properties against external stimuli, the catalytic systems can change the masstransferring behavior and the micro-phase environment in the catalytic systems.
Among the currently-known smart catalytic polymers, thermosensitive polymers are probably the polymers with the widest applications in chemical reaction engineering. An important reason lies in the fact that the control of temperature is much easier in contrast to other tools. With the use of thermosensitive polymers, the catalytic systems may feature a lower critical solution temperature (LCST) and sometimes an upper critical solution temperature (UCST) [55, 62] . The LCST is an interesting phenomenon available in aqueous solutions. In contrast, the UCST is often available in polyelectrolyte systems.
Thermo-responsive Catalysis
It is fascinating to achieve switchable catalytic ability by combining thermosensitive polymers with functional catalysts. Typical thermosensitive polymers, such as poly(N-isopropyl-acrylamide) (PNIPAM) and poly(N,N-diethylacrylamide) (PDEAM), may show reversible phase transitions at their LCSTs, by virtue of the relative hydrophobicity and hydrophilicity [73] . The polymeric chains are often hydrophilic below the LCSTs but hydrophobic above the LCSTs. By using such polymers as a carrier for metal nanoparticles or combining such polymers with organic molecules to design smart reactors, the catalytic processes can be controlled by adjusting the reaction temperature to a level either higher or lower than the transition temperatures. It is therefore possible to develop self-controlled catalytic processes with the applications of these smart polymer catalysts [74] . It is also possible to achieve a recyclable ability in these catalytic systems, given the phase separation above the LCSTs [75] .
Hydrogels are another kind of stimuli-responsive polymers which exhibit an essential potential in self-controlled catalysts, due to the soft, rubbery and swelling nature in aqueous media. For catalytic applications, hydrogels can act as a perfect carrier to stabilize metal nano-particles in water but without having aggregation. Zhang et al. [76] have demonstrated a gold nanoreactor prepared using a thermosensitive and recyclable hydrogel composite of crosslinked poly(glycidylmethacrylate-co-N-isopropylacrylamide) (PGMA-co-PNIPAM). The hydrogel exhibited swollen morphology below 50 °C (i.e., the LCST of the polymer) and then contracted morphology at 75 °C. Below the LCST, the nanoreactor was homogeneous and can act as an efficient catalyst. In contrast, above the LCST, the nanoreactor became a heterogeneous catalyst which showed poor catalytic reactivity ( Fig. 9 ). For the applications in aerobic alcohol oxidation, Zhang et al. [77] have introduced Au nanoparticles into a smart hydrogel made of poly(N-isopropylacrylamide-co-2-meth-acrylic acid 3-(biscarboxylmethylamino)-2-hydroxypropyl ester) (PNIPAMco-PMACHE). Au nano-particles dispersed in the hydrogel can reversibly contract and swell at ~ 27 °C. (Fig. 10 ).
Using sacrificial bonds/domains in polymers, there are also other polymeric networks capable of switchable properties. Hydrogen-bond-containing units, such as benzene-1,3,5-tri-carboxamide (BTA) [78] , UPY [79] , urazole [80] , amide [81] and their mixed systems [82] , have been used to impart strength and toughness to polymers. Ionic interactions [83] , metal-ligand complexes and physical interactions have been also used for the same purpose, which nonetheless attach an emphasis on using non-covalent interactions. These non-covalent interactions can even be used as the fixing points for temporary shapes [6] . Various hydrogen bonds and metal-ligand motifs have shown the ability to provide high fixities and recovery ratios upon exposed to external stimuli.
By basing on these sacrificial bonds/domains in polymers, our group has developed a smart and switchable nanoreactor [84] . This nanoreactor was made of a switchable polymer composite of a thermosensitive control layer and an inert substrate layer (Fig. 11 ). The thermosensitive control layer consisted of encapsulated nickel nanoparticles Fig. 9 Mechanism for the thermosensitive gold-nanoparticle reactors. Reproduced with permission from [76] , copyright © Wiley-VCH Fig. 10 Synthesis of the Au nanoparticles encapsulated in PNIPAM-co-PMACHE hydrogel (a mechanism; b temperature dependence). Reproduced with permission from [77] , copyright © Elsevier and a smart polymer composite of poly(1-vinyl-imidazole) (PVIm) and poly(acrylic acid) (PAAc)). The self-healing and dissociation between PVIm and PAAc induced convex/ concave-switchable shapes in the resulting nanoreactor, which enabled switchable access to the encapsulated metal nanoparticles. In this way, this nanoreactor showed selfcontrolled catalytic ability.
In addition to switchable polymers, our group has also prepared polymer catalysts which were made of encapsulated metal nanoparticles and the polymer carriers containing self-assembled hierarchical access [85, 86] . By closing, relaxing and opening, the hierarchical access acted as a molecular switch for providing entrances to the encapsulated metal nanoparticles. Specifically, the polymer catalysts showed poor catalytic reactivity at relatively low temperature due to the closed access, whereas the catalysts showed significant reactivity for small molecules at modest temperatures due to the relaxed networks. The polymer catalysts showed, however, essential reactivity for large molecules at higher temperatures. In this way, the polymer catalysts demonstrated the unique sortable catalytic ability (Fig. 12) . Apart from these reports described above, there are other ways to achieve the self-controlled catalytic ability in polymer catalysts and reactors. One of the common cases will be the use of molecularly imprinted polymers, which provide a way to acquire molecular recognition properties and selective catalytic ability. Li et al. [9] have reported a cascade-reaction nanoreactor which was composed of a bi-functional molecularly imprinted polymer (MIP) containing acidic catalytic sites and encapsulated Au nanoparticles (Fig. 13) . The acidic catalytic sites in the imprinted polymer may be responsible for the precedent hydrolysis whereas the encapsulated metal nanoparticles may be responsible for the succeeding reduction. For the preparation of this imprinted nanoreactor, two templates (i.e., 4-nitrophenyl acetate and 4-nitrophenol) have been used. The reason can be ascribed to the fact that the catalytic hydrolysis of 4-nitrophenyl acetate with acidic sites would generate the latter (i.e., 4-nitrophenol) and which can be further reduced to 4-aminophenol in the presence of the encapsulated Au nanoparticles. This mechanism can be further extended to Au-contained imprinted catalysts [87] . The molecular recognition properties at the reactive sites in the imprinted catalysts may provide access to the specific substrates, whereas the compilation of two different types of catalytic sites would allow the tandem hydrolysis and reduction to take place. For this reason, bis(4-nitrophenyl)carbonate and 4-nitrophenol have been selected for the same purpose.
The use of shape-memory polymers as catalytic carriers is another way to achieve the self-controlled catalytic ability. One of the typical cases will be the use of crosslinked poly(acrylic acid-co-stearyl acrylate) which contains static crosslinked net-points and dynamic switchable domains [88] . The crosslinked net-points may stabilize the permanent shape, whereas the switchable domains can fix the temporary shape. Motivated by such a mechanism, Zheng et al. Fig. 11 Technical outline for the prepared nanoreactor in our group. Reproduced with permission from [84] , copyright © Wiley-VCH [89] have reported a novel polymer nanoreactor containing "mobility-recalling" domains which acted as a molecular switch for providing access to the encapsulated metal nanoparticles. This nanoreactor was composite of crosslinked poly(acrylic acid) and pendent aliphatic side chains. At relatively low temperatures, the "frozen" molecular chains in the switchable domains inhibited access to the encapsulated metal nanoparticles. In contrast, the molecular chains in the switchable domains exhibited increasing mobility with elevating temperature (Fig. 14) . As a result, this nanoreactor demonstrated an on/off-switchable catalytic ability. Luo et al. [90] have also adopted the similar design for a shapememory reactor. The reactor was prepared with encapsulated nickel nanoparticles and a shape-memory polymer Fig. 12 Mechanism for the prepared polymer catalysts in our group (a mechanism; b phase transitions). Reproduced with permission from [85] , copyright © Elsevier Fig. 13 Technical outline for the preparation of the Pt-based imprinted catalysts in our group (a mechanism; b temperature-programmed desorption profiles). Reproduced with permission from [87] , copyright © RSC composite of poly(acrylamide) and pendent dodecyl side chains that showed switchable domains. Owing to the low mobility of the molecular chains at relatively low temperatures, this reactor exhibited weak reactivity at low temperatures. This reactor also exhibited weak reactivity at relatively high temperatures due to the strong hydrophobicity in the open networks. This reactor exhibited, however, significant catalytic ability at modest temperatures, a result relating to the relative balance between the mobility of these molecular chains and the relative hydrophobicity. In this way, this reactor showed the "off-on-off" catalytic ability.
The use of stimuli-responsive micelles as carriers is one more way to achieve the self-controlled catalytic ability [91]. Using as catalytic nanoreactors, Zhang et al. [92, 93] have developed two thermosensitive micelles. One of the nanoreactors was fabricated by dispersing Au nanoparticles into the core (made of poly(4-vinylpyridine) (P4VP)) in the core-corona micelles (made of PNIPAM126-b-P4VP34). The other one was prepared by dispersing Au nanoparticles into the discrete colloids of PNIPAM0.65-co-P4VP0. 35 in order to form seaweed-like aggregates. Compared with PNIPAM126-b-P4VP34, some short NIPAM units appeared in the P4VP-rich core but 4VP units appeared in the PNI-PAM-rich corona. The catalytic behaviors of the two Aubased micelles were tested by catalytically reducing 4-NP into 4-amino-phenol in the presence of NaBH 4 . The results showed that the reduction process was tunable due to the thermosensitive transition of the micelles. Once the temperature became lower/higher than the LCST, the PNIPAM chains would act as a molecular switch for accelerating/ decelerating the catalytic processes.
Shi et al. [94] have also presented a study on dispersing gold nanoparticles into a multi-layer micelle which contained a mixed corona made of polyethylene glycol (PEG) chains and PNIPAM chains ( Fig. 15 ). With gold nanoparticles encapsulated in the middle layer, the micelle consisted of a polystyrene (PS) core, a poly(acrylic acid)/ poly(vinyl pyridine) (PAA/P4VP) composite shell and a hybrid PEG/PNIPAM corona. At pH 10.0 and with a 20 wt% of PNIPAM, the catalytic reduction of 4-NP can be completed within 3500 s. The mechanism was that the complex layer containing Au nanoparticles collapsed onto the PS core at pH 10.0, in which the PNIPAM chains acted as a barrier for small molecules whereas the PEG chains extended to stabilize the micelle and accordingly constructed the molecular channels for small molecules. As a result, the molecular diffusion in this nanoreactor may be controlled by the weight ratio of the PNIPAM component in the corona.
Microgels may also play a role in self-controlled catalytic processes due to the stability and the ability to generate stimuli-responsive behaviors [95] . At the point, loading metal nanoparticles into microgels is a common method for developing tunable catalytic processes. Ballauff et al. [96] have prepared a core-shell microgel which was able to modulate the catalytic activity. The microgel was composed of a PS core and a PNIPAM shell where Ag nanoparticles were encapsulated. During the catalytic process, the PNI-PAM networks acted as a switch to control the catalytic reactivity of Ag nanoparticles. Basing on the similar principle, Li et al. [97] have reported a thermosensitive nanoreactor which exhibited increasing reactivity with elevating temperature. The nanoreactor was made of Ag nanoparticles and a functional polymer composite of poly(acrylamide) (PAAm) and poly(2-acrylamide-2-methyl-propanesulfonic acid) (PAMPS). At a relatively low temperature (such as 20° C), the nanoreactor showed weak reactivity due to the interpolymer interactions between PAAm and PAMPS. In contrast, at a relatively high temperatures (such as 40 °C), the nanoreactor showed significant reactivity in response to the dissociation of the interpolymer interactions. Differing from the PNIPAM systems, this reactor showed the opposite responsiveness and accordingly extended the applicable scope of these smart catalysts and catalytic reactors ( Fig. 16 ).
Hollow functional nanostructures equipped with permeable shells capable of controlling molecular diffusion are another valuable way to achieve self-controlled catalytic processes. Song et al. [98] have reported a yolk-shell structure coated with thermosensitive PNIPAM which was located in the external pore of silica spheres. Au nanoparticles were spatially separated from PNIPAM by the silica wall, which allowed PNIPAM and Au nanoparticles to separately work without having mutual interference. The nanoreactor showed significant catalytic reactivity in the reduction of 4-NP below the LCST of PNIPAM. In contrast, at the temperature higher than the LCST, the polymer collapsed into the polymeric layer covered with silica and inaccessible pores. In this way, this nanoreactor showed the modulated catalytic reactivity. Kinetic studies have also revealed that the diffusion of the substrates to the internal pores was the major factor behind the formation of the self-controlled catalytic ability (Fig. 17) .
Chen et al. [99] have presented a thermosensitive nanoreactor which was prepared by capping the citrate-protected Au nanoparticles (AuNPs) with hyper-branched polyethylenimine (HPEI) that was terminated with isobutyric amide (IBAm) groups. Unlike the linear polymers, the LCST of the dendritic nanoreactor was adjusted over a wide range by changing the molecular weight of the HPEI core, the degree of IBAm substitution in the HPEI-IBAm polymers and the pH conditions ( Fig. 18 ). For the applications in reducing 4-nitrophenol, the reaction rate may be accelerated by either decreasing the molecular weight of both the HPEI core and the DS values or increasing the concentration of the capped HPEI-IBAm. The thermosensitive nanoreactor could be recycled at least six times in which the nanoreactor showed still the conversion as high as 95%.
pH-Responsive Catalysis
There are other kinds of stimuli which are also able to cater to the design of smart polymers and nanoreactors. Among these are the pH-responsive polymers and nanoreactors, which are usually the polyelectrolytes bearing weakly ionizable groups capable of accepting/releasing protons. There are two types of pH-responsive polymers and nanoreactors, i.e., weak polyacids and weak polybases. Weak polyacids, such as PAA and poly(methacrylic acid) (PMAA), can accept protons at low pH conditions and then release protons at a neutral and high pH condition. Polybases, such as poly(4-or 2-vinylpyridine) (P4VP or P2VP) and poly(1-vinylimidazole) (PVIm), may accept protons at high pH conditions and then release protons at neutral and low pH conditions [100] . The electrostatic repulsion among polymeric chains may produce momentum for molecular chains, which regulates the precipitation/solubilization of the polymers and the contraction/ swelling of the polymers. Owing to this privilege, the Fig. 15 Mechanism for the multi-layer micelle nanoreactor. Reproduced with permission from [94] , copyright © Elsevier pH-responsive polymers have been intensely used in drug delivery systems over the years [101] . When the pHresponsive polymers are used as a carrier to load metal nanoparticles, the catalytic switching is therefore regulated by the pH conditions. Zhang et al. [102] [103] [104] have dispersed palladium nanoparticles to different responsive core-shell microspheres and applied them to Suzuki and Heck reactions. One of the prepared catalysts was made of a pH-responsive shell of PMAA and a core composite of poly(2-(acetoacetoxy)ethyl methacrylate) (PAEMA) and PS. Another one was made of a PS core, a pH-responsive and chelatable shell of PGMA-IDA. One more was, however, made of a PS core, a pH-responsive and chelatable shell of PMAA-IDA. Owing to the swelling/ de-swelling behavior which was adjusted by the pH conditions, the prepared catalysts can be made to open and shut down against the molecular channeling for the encapsulated metal nanoparticles.
Zhao et al. [105] have also reported a pH-sensitive micelle system by using the pH-responsive tri-block PEG-b-PS-b-P4VP which was used as a template to acquire the micelle composite that contained a PS core, a hybrid shell of P4VP/ Au/PEG and a PEG corona. At a low pH condition (such as pH 2.0), PEG and P4VP were hydrophilic and accordingly the hybrid shell of P4VP/Au/PEG swelled. At a higher pH condition (such as pH > 7.0), P4VP/Au became hydrophobic and collapsed to the PS core, instead. The interspaces between the hybrid P4VP/Au shell and the shell-surrounded PEG chains may serve as the catalytic channeling for small molecules.
By using the similar principle, Wu et al. [106] have prepared a novel pH-responsive nanoreactor consisting of a hybrid nanogel made of Au@PVP-containing semi-interpenetrable polymer networks (IPN) (PVP: polyvinylpyrrolidone) (Fig. 19 ). This nanoreactor can work with a stable core and a responsive shell capable of pH-responsive properties. The nanoreactor may swell completely and forms The nanoreactor can be easily separated from the catalytic systems at a higher pH condition, instead.
By mimicking the specific interactions in enzymes, MIPs containing pH-responsive ability have also been adopted in some catalytic processes. Zhao et al. [107] have prepared a catalytic nanoreactor basing on an imprinted tetrapolymer [99] , copyright © RSC composite of polymeric 4-vinylpyridine, hemin, acrylamide, and N-isopropylacrylamide. This nanoreactor contained both an acidic and a basic groups and was therefore able to promote the oxidation of homovanillic acid by adjusting the pH value of the systems.
Other Stimuli-Responsive Catalysis
There are also a few studies concerning other stimuli including light, electrical and magnetic fields and ionic strength, etc. Aizenberg et al. [108] have shown a self-controlled gel nanoreactor using a coupled chemo-thermomechanical selfoscillation process. This nanoreactor, known as SMARTS (i.e., self-regulated mechanochemical adaptively reconfigurable tunable system), could reversibly convert chemical inputs into the researcher-defined chemical outputs via an on/off drive of the gel posts. The tips of the gel posts were functionalized with catalytic functions. The posts were immersed in two non-miscible liquids where the lower zone of the posts was within the aqueous phase and the tips were exposed to a non-polar layer containing agents for catalytic reactions. Below the LCST of PNIPAM, the gel posts would expand into a straight and upright configuration which allowed the catalytic tips to enter the top layer. In such a system, some exothermic reactions, such as the decomposition of cumene hydro peroxide catalyzed by Rh 3 CPF 6 , hydrosilylation of 1-hexene catalyzed by H 2 PtCl 6 , and the click reaction between octylazide and phenyl acetylene, can be applicable. The exothermic effect of these reactions led to an increasing temperature. Once the temperature reached above the LCST of this nanoreactor, the bottom part of the posts started contracting, bending and accordingly the tip was removed from the agent layer. When the heat was dissipated, the nanoreactor would recover to the initial state and the reaction would start again.
Kang et al. [109] have prepared an ionic strength-responsive catalyst, i.e., Ag@air@PMAA nanorattles, which contained a silver nanocore and a crosslinked PMAA shell. This nanoreactor was synthesized by selectively etching the inner silica shell of the core-double-shelled Ag@SiO 2 @ PMAA nanoparticles. PMAA was sensitive to the ionic strength of the surrounding media, so that the outer PMAA shell can be ionized at a high pH condition. The diffusion rate of the reactants from the polymeric shell to the surface of the Agnanoparticles catalyst could be controlled by the content of PMAA. During the catalytic reduction of 4-nitrophenol, the reaction rate may significantly decline once the concentration of NaCl was increased up to 0.1 M. It is also necessary to mention that these non-thermosensitive nanoreactors are currently not at the main stream of the current self-controlled catalysis (due to the difficulty in changing solutions/ instruments during the catalytic processes), regardless of the sustained endeavors.
Conclusion
We herein review bio-inspired stimuli-responsive materials and particularly smart polymer materials which are able to control the catalytic processes. Other issues involved in developing these bio-inspired polymers including the origin, mechanisms, switchable behaviors and merits are also discussed. These bio-inspired polymers and nanoreactors are often able to respond to external stimuli by changing their own properties. In general, the interactions including the hydrogen bonds and metal-ligand complexes play a crucial Fig. 19 Technical outline for the Au@PVP hybrid nanogel (a), kinetic curves of AP-1's formation (b) and DLS size distribution at pH 6.3 (c). Reproduced with permission from [106] , copyright © RSC role in developing switchable functions. For the applications in catalysis, the switchable systems can lead to the occurrence of switchable catalytic processes. The external stimuli allow the polymers to change their morphology/properties and accordingly to make feasible the separation and recovery of these reactors from the catalytic systems. The stimuliresponsive polymers and nanoreactors are generally temperature-and pH-responsive, which often run with hydrophilic/ hydrophobic transitions and the pH-induced swelling/contractions. Nonetheless, there is still a lack of valuable smart catalysts capable of addressing diverse applications. There are also great challenges in improving the catalytic efficiency but without decreasing the self-controlled catalytic ability. It is predicable that the sustainable endeavors in this field will help increase the potential for applications and lead to the appearance of novel functional catalytic materials.
